The effects of the nonspecific cyclic nucleotide inhibitors 1 -methyl-3-isobutylxanthine (IBMX) and dipyridamole, and the cGMP-specific phosphodiesterase inhibitor Zaprinast were studied on parallel fiber-Purkinje cell synaptic responses in rat cerebellar slices. Bath application of all three compounds, at concentrations shown to inhibit cGMP breakdown, led to stable and robust long-term depression of PF responses. Injections of dipyridamole directly into the Purkinje cell dendrites were similarly effective as bath applications, confirming a postsynaptic site of action. Inhibitors of both protein kinase G and C and also the metabotropic glutamate receptor antagonist MCPG completely prevented the induction of LTD by dipyridamole and Zaprinast. The extent of phosphodiesterase-induced synaptic depression was dependent on the frequency of parallel fiber stimulation, and this form of LTD both occluded and was occluded by LTD induced by pairing parallel and climbing fiber inputs. The degree of LTD induced by IBMX was dosedependent, and also required PKC and PKG activity, but was preceded by a large, transient potentiation of parallel fiber responses occurring by a postsynaptic mechanism independent of cGMP. These data not only confirm that cGMP is capable of inducing cerebellar LTD when paired with parallel fiber stimulation but indicate that cGMP is an endogenous intermediate in this form of synaptic plasticity.
Simultaneous, repetitive activation of parallel fibers (PFs), the axons of cerebellar granule cells, and climbing fibers (CFs), axons of inferior olivary neurons, leads to a long-term depression (LTD) of transmission at the PF-Purkinje cell synapse (Ito et al., 1982) . Three basic elements are required for LTD. (1) Activation of AMPA receptors (Linden et al., 1993; Hemart et al., 1995) , which mediate fast transmission at the PF-Purkinje cell synapse (Konnerth et al., 1990) . (2) Activation of metabotropic glutamate receptors Alba et al., 1994; Conquet et al., 1994; Hartell, 1994a; Shigemoto et al., 1994) which are likely to be activated at the rates of PF stimulation necessary for LTD induction (Batchelar and Garthwaite, 1993) . (3) Calcium influx via voltage-dependent calcium channels (Ross and Werman, 1987; Kndpfel et al., 1990; Sakurai, 1990; Kano et al., 1992; Konnerth et al., 1992) . The first two of these requirements are likely to be fulfilled as a result of PF activation, The third is conventionally attributed to the CF input although recent evidence has shown that PF stimulation can also elevate calcium in Purkinje cells (Denk et al., 1995; Eilers et al., 1995; Hartell, in press) and, if sufficiently strong, lead to LTD (Hartell, in press ).
The subsequent intracellular events culminating in LTD are not yet fully understood, but evidence is emerging in favor of a chain of events involving nitric oxide (NO), cGMP, and protein kinases C and G (PKC, PKG) (Crepe1 and Krupa, 1988; Ito and Karachot, 1992; Daniel et al., 1993; Hartell, 1994a,b) . In slice preparations, NO donors, which strongly activate guanylate cyclase to promote the formation of cGMP, facilitate the induction of LTD in most (Crepe1 and Jaillard, 1990; Shibuki and Okada, 1991; Daniel et al., 1993; Lev-Ram et al., 1995) but not all cases (Glaum et al., 1992) , and NO synthase (NOS) inhibitors prevent LTD induction (Crepel and Jaillard, 1990; Shibuki and Okada, 1991; Daniel et al., 1993; Lev-Ram et al., 1995) . cGMP itself induces LTD when dialyzed or injected into Purkinje cells (Daniel et al., 1993; Hartell, 1994b) , and both this form of LTD and that induced by pairing PF stimulation with CF stimulation are blocked by selective inhibition of PKG (Hartell, 1994b) . In culture, however, this NO/cGMP/PKG cascade is apparently not essential for LTD (Linden and Connor, 1992; Linden et al., 1995) .
Some authors suggest NO may be a product of CF stimulation (Shibuki and Okada, 1991; Ito and Karachot, 1992; Hartell, 1994b) whereas others implicate the PF input (Lev-Ram et al., 1995) . Despite this controversy, there is strong anatomical evidence pointing toward the Purkinje cell as a target for NO. Guanylate cyclase (Ariano et al., 1982) PKG (Lohmann et al., 1981) and its putative substrate G-substrate (Nairn et al., 1985) are all highly expressed in cerebellar Purkinje cells. However, cGMP levels remain conspicuously low in Purkinje cells even after strong pharmacological activation of cerebellar slices (Southam et al., 1992) . This absent link in the proposed biochemical chain may be explained by the findings that calcium/calmodulin dependent phosphodiesterases (PDEs), which breakdown cGMP, are abundant in both the soma and dendrites of Purkinje cells (Kincaid et al., 1987; Balaban et al., 1989) and that certain PDE isoforms may be resistant to standard inhibitors, such as 3-isobutyl-methyl xanthene (IBMX) in the presence of calcium (Mayer et al., 1992) . Consistent with this is the finding that dendritic injections of cGMP are only capable of inducing LTD in the presence of IBMX (Hartell, 1994b) , suggesting that cGMP levels are closely regulated in Purkinje cells.
The present study was designed to investigate the extent to which endogenous PDEs are active in Purkinje cells and to determine whether modulation of their activity might provide an additional mechanism for the control of synaptic plasticity. The rationale behind using PDE inhibitors to elevate cGMP was to exploit only endogenous cellular pathways for cGMP production to strengthen arguments for a physiological role of the NO/cGMP cascade in cerebellar LTD. Three different inhibitors were used. Zaprinast, a selective inhibitor of cGMP-specific PDEs (Beavo and Reifsnyder, 1990; Lugnier et al., 1992) ; dipyridamole, a potent inhibitor of cGMP-specific PDEs V, and V, (Beavo and Reifsnyder, 1990) ; and IBMX, a nonspecific but widely used PDE inhibitor. Bath applications of all three compounds induced a LTD of PF-EPSP slopes that was primarily postsynaptic in origin and that was blocked by the NOS inhibitor L-nitro-argine (LNARG) and by the specific protein kinase G inhibitor KT5823. This form of LTD was found to be similar to that induced by pairing PF stimulation with either CF activation/depolarization or injections of cGMP analogs in that it was blocked by the mGluR antagonist (RS)-3,5-methyl-4-carboxyphenylglycine (MCPG) and by the PKC inhibitor chelerythrine (Hartell, 1994b) . Zaprinastinduced LTD occluded further depression by conventional pairing of CF and PF stimulation and vice versa. These results not only provide additional evidence that cGMP is capable of inducing LTD by postsynaptic mechanisms in cerebellar Purkinje cells but also that it is likely to be an endogenous intermediate.
MATERIALS AND METHODS
Sagittal slices (400 pm thick) of cerebellar vermis were prepared from 6-to S-week-old male Wistar rats as described previously (Hartell, 1994b) . Slices were incubated at room temperature in artificial CSF (ACSF) of the following composition (in mtvr): NaCl 118, KC1 4.7, CaCI, 2, H,O 2.5, NaHCO, 25, KH,PO, 1.2, MgSO, 7, H,O 1.2, glucose 11, equilibrated with 95% 0,/5% CO,, pH 7.4. Slices were equilibrated for at least 1 hr before recording.
Two different sets of recording conditions were used. During microelectrode recordings, slices were maintained in an experimental chamber at 32-34"C, fully submerged and perfused with ACSF at a rate of 2 mlimin. Dendritic excitatory potentials were recorded using glass micropipettes filled with 3 M KCI. When phosphodiesterase or protein kinase inhibitors were included in the filling solution, they were (with the exception of chelerythrine, which is water-soluble) initially dissolved in DMSO. PF and CF responses were evoked with bipolar platinum-iridium electrodes positioned close to the pia in the molecular layer and on the white matter, respectively. The recording electrode was placed approximately midway in the molecular layer, to ensure that the electrode was placed more distally in the dendrite. Spontaneous sodium spikes of somatic origin were always less than 2 mV in amplitude, confirming that recordings were made primarily from more distal dendrites (see Hartell, 1994b) .
CF responses were recorded at intervals throughout the cxpcriments to confirm that any changes in synaptic strength were confined to the PF Purkinje cell synapse. Data were excluded if CF responses changed significantly in amplitude. PF responses were evoked continuously at a rate of 1 Hz. Five consecutive sweeps of data were sampled at 1 min intervals and stored on computer for off-line analysis. Before injection or bath application of drugs, a 15 min control period was allowed of which the first 5 min were usually discarded because PF responses were initially somewhat variable. Changes in synaptic strength were monitored by measuring the initial slope of the PF-induced EPSPs and expressing these changes as percentages of control data.
For Zaprinast experiments, whole-cell somatic patch recordings, in current clamp mode, were made from 200.pm-thick slices, fully submerged and maintained in picrotoxin containing ACSF (20 pM) at room temperature. A potassium based internal filling solution was used comprising (in ItIM): KC1 132, NaCl 8, MgCI, 2, EGTA 0.5, HEPES 30, Na,ATP 4, GTP 0.3, adjusted to pH 7.3. In these experiments, two separate PF input pathways were activated alternately using patch electrodes filled with ACSF. Series resistance was monitored continuously and data were discarded if a significant change was observed over the course of the experiment. In all experiments, measurements of cell input resistance were made continuously to ensure that any changes in response characteristics were not attributable to changes in cell or recording conditions. Data were excluded if the input resistance changed significantly over the course of the experiment.
Drug injections from micropipettes were made by applying a positive pressure of between 10 and 15 psi using a syringe. Injection was initially accompanied by a 3-5 MR decrease in electrode resistance that recovered slowly over 5-10 min as the pressure declined. Data were discarded if there was any significant change in either input resistance or membrane potential. Dipyridamole, Zaprinast and IBMX (Sigma, St. Louis, MO) and KT5823 fKvowa Medex Co. Ltd.) were dissolved in DMSO before dissolving in 3 k KC1 recording solution. Control injections of similar concentrations of DMSO in KC1 or KC1 alone did not produce any effect. Chelerythrine was obtained from Alamone Labs.
With the exception of LNARG (Sigma), MCPG, and 8-cyclopentyl-1,3-dipropylxanthene (DPCPX, Tocris Neuramin), compounds applied in the perfusate were dissolved in DMSO. Final concentrations of DMSO did not exceed 0.05%. DPCPX was dissolved in ethanol and added to the perfusate at least 10 min before starting recordings. Where used, LNARG and KT5823 were included in the perfusate throughout the experiments, including cutting and incubation. Other compounds were bath applied for 10 min after suitable control periods unless otherwise mentioned in the text. MCPG (500 pM) was applied for 15 min before and during dipyridamole application and maintained an additional 2-5 min after washout onset.
RESULTS
Within 2-3 min of a 10 min bath application of 20 PM dipyridamole, a small, 2-3 mV depolarization occurred in six of the seven cells studied, which gradually returned to preapplication levels within 5-20 min of the onset of washout. Without exception, the initial slopes of the rising phase of PF EPSPs (EPSP slopes) were markedly reduced within 1-2 min of dipyridamole application (see Fig. L4 for an example and Fig. 3A for the pooled data; solid circles) and reached a minimum value of 38 f 6.7% (mean ? SE, n = 7) of the preapplication control within 12 min. Any recovery of EPSP slopes generally stabilized within 20 min; however, responses remained depressed reaching an average level of only 54 I 9.0% of control values even 60 min after washout and remained significantly different from control values (paired t test, p < 0.005). Complete recovery was never observed. In contrast, CF responses (see Fig. L4 ) remained constant in size and appearance before, during and after application. Whereas dipyridamole caused no long-term effect on membrane resistance, some decrease was generally observed during application. Full recovery after washout was a criterion for inclusion of the data in the analysis.
Bath applications of 5 PM Zaprinast, a more selective inhibitor of cGMP-specific phosphodiesterases (Beavo and Reifsnyder, 1990; Lugnier et al., 1992 ) produced a more uniphasic profile of depression of PF-EPSP slopes (see Fig. 1B for an example and Fig. 3B for pooled data) in cells recorded under whole-cell patch conditions and in the presence of picrotoxin. Depression occurred within l-2 min of application and was maximal during or shortly after the application period. Although some recovery occurred after washout this was clearly less marked than that observed after dipyridamole treatment and responses remained significantly depressed relative to control values even 60 min after application (40 +-5.7% of control values,p < 0.01, paired t test,p < 0.01, n = 5).
Zaprinast also induced a clear 4-5 mV depolarization that was, in three out of five cases, succeeded by a small 2-3 mV hyperpolarization ( Fig. 2A ) within a few minutes of washout. The onset of the depolarization coincided with a substantial decrease in membrane resistance in all cells (Fig. 2B ). This also recovered after washout but at a slightly slower rate than that of the membrane potential. Both Zaprinast and dipyridamole additionally induced significant changes in the time course of PF-EPSPs (see raw data in Fig.   L4 ,B). These effects were more evident under Zaprinast treatment because these experiments were performed in the presence of the GABA, receptor antagonist picrotoxin, which significantly prolongs the duration of PF-EPSPs. To quantify these changes, PF-EPSPs were fitted with double exponential curves and the time constant for the falling phase (TJ and the time to peak were calculated. Figure 2C -E illustrates changes in these parameters during Zaprinast application for the same cell shown above and in Figure 1B . Before drug application, the absolute value of TV was highly variable and tended to decline somewhat during the control period. The mean value of r2 5 min before drug application was 159 + 19 msec (n = 8). During Zaprinast application TV decreased dramatically to a value of 23 -C 3 msec (15% of control) within 10 min of application (see Fig. 2C for an example). Although some Figure 2C were averaged and fitted with a doubleexponential curve. The curves are shown in E, normalized to the peak amplitude of the control response a.
recovery was observed during washout in all cells, complete recovery was never seen and reached a mean value 30 min after washout of only 35% of control (56 ? 17 msec). The time to peak of the EPSP also altered during Zaprinast treatment, undergoing a decrease of between l-3 msec (n = 8). This was transient and recovered fully to control levels shortly after washout (Fig. 20) . exponential curves taken at the times indicated and normalized to the peak amplitude of the response taken at time a in Figure 2C .
To determine whether any or all of these effects were mediated via the proposed NO/cGMP/PKG cascade, NO synthase was blocked with LNARG and PKG was blocked with KT5823, which is, at this concentration, a highly specific inhibitor of the proposed target for cGMP, protein kinase G (see Nakanishi, 1989; Ito and Karachot, 1992) . Preincubation of slices with 10 PM LNARG reduced both the short and long-term effects of dipyridamole on PF-EPSP slopes (Fig. 34 open squares) . The mean peak reduc- Fig. 3B ). The short-term effects of Zaprinast were only partially attenuated even at these higher concentrations of NO and PKG inhibitors, suggesting that any remaining effect occurred through mechanisms independent of the NO/cGMP/PKG cascade. Both LNARG and KT5823 substantially reduced the long-term effects of Zaprinast on the decay time constant of PF-EPSPs (r2, Fig. 3C ), indicating that this change in EPSP duration is also mediated to some extent by NO/cGMP/PKG.
In the presence of KT5823, mean control values of r2 were, on average, slightly higher than those in naive slices (177 -t 40 msec, IZ = 5) and were depressed to 33% of control values (59 +-16 msec) within 10 min of Zaprinast application and recovered to a level of 67% of control (118 ? 25 msec) after 40 min. For LNARG, these values of r2 were 124 ? 22 msec (n = 5), 20 ? 1 msec (16% of control) and 69 ? 14 msec (56% of control), respectively. Neither compound had any significant effects on Zaprinast-induced depolarization, decline of membrane resistance, or time to peak, suggesting that these processes were not mediated directly through cGMP.
To determine whether the effects of phosphodiesterase inhibitors were mediated through postsynaptic events 100 pM dipyridamole, dissolved in DMSO, was added to the micropipette filling solution (3 M KCl) in a total of seven cells. After a 10 min control period, a small positive pressure was applied to the pipette. Figure  4A illustrates for a single cell that a clear depression in PF responses occurred progressively after injection and was maintained for the duration of the recordings. Of the seven cells injected, five underwent a significant reduction in PF responses. The overall level of depression after 60 min for these five cells was statistically indistinguishable from that induced by bath application. Two other cells, not illustrated, showed an equally clear cut potentiation of responses. No obvious cell depolarization accompanied the injections in any of the cases nor was there any evidence of a decrease in the time to peak of EPSPs after injection.
Further evidence that dipyridamole has postsynaptic actions is shown in Figure 4B . Here, the effects of bath application of dipyridamole are contrasted with similar applications to cells recorded with either 5 PM KT5823 (dissolved in DMSO) or 10 pM chelerythrine (a highly specific PKC inhibitor; Herbert et al., 1990) included in the micropipette filling solution and ejected with a small positive pressure injection before and during the control period. Both kinase inhibitors were effective in blocking the effects of dipyridamole such that both the long and short-term effects of dipyridamole were largely attenuated. Neither compounds appeared to have any obvious effect on EPSPs before dipyridamole application as indicated by the stable control period. The inclusion of 2 PM chelerythrine or KT5823 in the patch pipette blocked Zaprinast-induced LTD of PF-EPSP slopes (Fig.  4C) and strongly reduced the long-term effects on the recovery phase of the EPSPs [67% and 93% of control values (n = 4), respectively] after 40 min. Chelerythrine had little or no effect on either the short-term decrease in TV (19% and of control) or on the reduction in time to peak. Similarly, postsynaptic KT5823 had no effect on the short-term the reduction in time to peak but did partially reduce the short-term decrease in r2 (52% of control).
In the hippocampus, Zaprinast or NO donor induced depression of field excitatory potentials, elicited by stimulation of the Schaffer collateral-commissural pathway, is mediated through adenosine-Al receptors (Broome et al., 1994) . The specific adenosine-Al receptor antagonist DPCPX (Bruns et al., 1987) was used to determine whether any of the effects of Zaprinast on PF-Purkinje cell transmission were mediated through this receptor subtype; 100 nM DPCPX induced large, sustained increases in PF-EPSP initial slopes and amplitudes rapidly after application (data not shown), indicating a basal level of adenosine activity. Because large PF EPSPs can induce sufficient calcium influx to induce LTD through PF stimulation alone (Eilers et al., 1993;  A DPCPX (100 nM) 120 3 g 100 ; .qqy*. Hartell, in press), DPCPX was applied to slices before recording and stimulus strengths were carefully adjusted at the outset of experiments to minimize the likelihood of calcium influx. In the presence of 100 nM DPCPX, Zaprinast induced PF-EPSP slope depression that was indistinguishable from that observed in untreated slices (compare Fig. 54 with 3B) . Furthermore, blockade of adenosine-1 receptors did not alter any of the changes in either membrane potential (data not shown), membrane resistance (Fig.  5B) , EPSP time to peak or TV (Fig. 5&C ) associated with Zaprinast application. DPCPX did, however, permit a complete recovery of TV to control levels after washout of Zaprinast (Fig. 5B ) even though EPSP slopes remained depressed. These results Figure 3 , B and C. C, Five consecutive EPSPs were sampled at the times indicated in Figure 4B and illustrated in the top panel of C. Below are the fitted curves to these responses, normalized to the control response taken at time a.
indicate that the long-term reduction in EPSP decay time constant after PDE inhibitor applications is not merely a consequence of the decline in EPSP slopes but is an independent process that requires activation of the NO/cGMP/PKG cascade for its induction and adenosine-Al receptor activity for its expression.
Injections of cGMP into Purkinje cell dendrites can induce LTD and the extent of depression is increased when associated with PF stimulation (Hartell, 1994b) . If the long-term effects of dipyridamole and Zaprinast are also mediated through postsynaptic effects of cGMP, the level of depression of EPSP slopes should also be influenced by the level of PF stimulation. Cessation of PF stimulation during dipyridamole application and for an additional 5 min of washout led to a comparatively smaller degree of depression (Fig. 64, diamonds) . If PF stimulation was halted for up to 15 min after washout, responses were initially potentiated but then gradually became depressed but to an extent significantly less than that observed with concurrent PF stimulation during application. The initial potentiation was smaller but similar in time course to that observed in control experiments where PF stimulation was simply halted for 10 min after a suitable control period.
The dependence on PF input is further highlighted in Figure  6B . In a group of five cells, under whole-cell current clamp, two separate inputs to a single Purkinje cell were activated alternately at 1 Hz (open circles) and 0. strongly in the pathway that was activated at the higher frequency. Fifty minutes after application, responses were 43.8 i-7.7% of control values at 1 Hz stimulation compared with 75.0 ? 13.2% control at 0.2 Hz (n = 5). The similarity between the LTD inducing abilities of Zaprinast and dipyridamole lends support to the argument that, in both cases, these changes are taking place via changes in cGMP levels.
To determine whether the LTD induced by inhibition of phosphodiesterases occurred through processes common to LTD induced by conventional pairing of PF and CF inputs (conjunctive stimulation), occlusion experiments were performed. Figure &I illustrates that after the induction of LTD in only one of two PF inputs to a single Purkinje cell (solid circles), further depression to the same pathway was not observed after bath application of Zaprinast. Depression was observed, however, in the alternate input pathway (open circles). Similarly, after induction of LTD by pairing PF stimulation at 1 Hz with Zaprinast application, additional LTD was not produced using conjunctive stimulation of PF and CF inputs (Fig. 8B) . Similar results were obtained in each case on two further occasions. Given that activation of mGluRs is essential for cGMP-induced Figure 9A illustrates the effects of 10 min bath applications of LTD (Hartell, 1994a) , and that this subtype of glutamate receptor IBMX on PF responses. At concentrations of both 0.1 and 1 mM, is more adequately activated at higher frequencies of PF stimu-IBMX produced a dramatic potentiation of EPSP slopes during lation (Batchelar and Garthwaite, 1994 ) the effects of the specific, application reaching peak levels of 183 ? 28% (n = 4) and 149 t competitive mGluR antagonist MCPG were examined on PDE-16% (n = 4) of control values, respectively. In both cases, during inhibitor-induced LTD. Previous incubation of slices for 15 min washout, this potentiation slowly declined to levels below control with 500 PM MCPG prevented the induction of LTD by bath values and at 60 min after washout, average levels were 82 t 2% applications of either dipyridamole (Fig. 7A , IZ = 5) or Zaprinast and 59 ? 8% of control, respectively (n = 4). The depression (Fig. 7B , n = 5) and reduced the long-term decline of r2 associpersisting 60 min after washout was, in both cases, significantly ated with PDE-inhibitor application (data not shown). MCPG had different from control values (paired t test, p < 0.01). No obvious little effect on the short-term depression of EPSP slopes, TV, time change in membrane properties were associated with either of to peak of EPSPs or on membrane potential and conductance. In these changes in EPSP slope. Figure 9B provides a comparison agreement with a previous study (Hartell, 1994a) parable for all three phosphodiesterase inhibitors and for LTD induced by conjunctive stimulation.
Intradendritic injection of IBMX (1 mM dissolved in DMSO and added to 3 M KCl) produced a rapid, long lasting potentiation of EPSP slopes (n = 4, Fig. loA) . No sign of a later depression was observed. Injection of the vehicle alone had no effect (open circles, n = 5). Because the LTD induced by bath application of IBMX occurred only after washout, in three experiments the duration of bath application of 1 mM IBMX was prolonged by 15 min to determine whether the continuous potentiation observed after injection resulted merely from the continued presence of IBMX in the cell. As is clear from the examples shown in Figure lOB , extending the duration of IBMX application simply prolonged the duration of the potentiation but did not affect the final extent of the LTD occurring after washout.
To ascertain which part of the response profile may have been mediated by cGMP elevation, 1 mM IBMX was bath applied in the presence of 90 nM KT.5823 (Fig. lOC, solid squares) . In this case, a much larger initial potentiation was observed (peak 265 + 39%, n = 4) that declined only partially (192 1-35% after 60 min washout). In five cases, inclusion of chelerythrine into the microelectrode, to a concentration of 10 PM, prevented the induction of LTD but, unlike KT5823, it did not affect the initial level of potentiation induced by 1 mM IBMX. 
DISCUSSION

Mechanisms and properties of phosphodiesterase inhibitor-induced depression
The short-term effects of both dipyridamole and Zaprinast on membrane potential, membrane resistance and the time to peak of PF-Purkinje cell EPSPs were insensitive to any of the inhibitors used in the present study and were, therefore, unlikely to have been mediated through the NO/cGMP/PKG cascade, PKC, mGluRs, or via adenosine-Al receptors. These effects were not observed after postsynaptic injection of dipyridamole, suggesting a presynaptic or extracellular site of action.
Dipyridamole and Zaprinast produced almost identical longterm effects on epsp slopes and the epsp recovery time constant, TV. These effects were significantly blocked by inhibition of NOS or PKG. Although dipyridamole can additionally inhibit CAMPspecific PDE type IV, PDE II (cGMP stimulated), and to a lesser extent PDE I (calcium-calmodulin stimulated; Lugnier et al., 1992) at the concentrations used here, the similarity of its effect to that of Zaprinast, a more specific inhibitor of cGMP-specific (type V) phosphodiesterases, lends support to the proposal that the long-term effects of these compounds on EPSP slope and duration were mediated primarily through an increase in cGMP concentration.
Direct injection of dipyridamole in the dendrites of Purkinje cells also led to a depression of EPSP slopes to a level indistinguishable from that of extracellular application. KT5823 was equally effective whether applied extracellularly or injected/dialyzed postsynaptically, and introduction of the PKC inhibitor transmission through a mechanism thought to involve presynaptic adenosine-Al receptors but that is triggered by cGMP elevation (Broome et al., 1994) . Here, blockade of adenosine-Al receptors increased baseline levels of PF-EPSP slopes, indicating a tonic level of adenosine receptor activation. It did not, however, prevent Zaprinast-induced depression of EPSP slopes, indicating that adenosine receptor activity is not important for the expression of LTD. Interestingly, however, DPCPX did block the long-term decrease in r2. Takahashi et al. (1995) recently showed that adenosine strongly increased the rate of decay of EPSCs and argued that this may reflect a more rapid uptake or diffusion of glutamate away from the synapse as a consequence of reduced transmitter release. If such an effect could also be seen as a reduction in EPSP duration, it is possible that these presynaptic effects could contribute to the depression observed after bath application of Zaprinast or dipyridamole. Such an action is, nevertheless, clearly not essential for the induction and expression of LTD because the overall level of depression of EPSP slopes induced by Zaprinast in the presence of DPCPX was indistinguishable from that in naive slices. From these data, it is possible to infer that an increase of cGMP in the Purkinje cell not only leads to a reduction in EPSP slope but may additionally trigger some factor that acts retrogradely to affect transmitter release through an adenosine related mechanism. Recent evidence suggests that cGMP can be transported outside cells (Luo et al., 1994) and it can also have direct extracellular effects at high concentrations (Linden et al., 1995) . It is conceivable, therefore, that cGMP itself could be the retrograde messenger.
Actions of IBMX In contrast to the effects of dipyridamole and Zaprinast, bath applications of the nonspecific phosphodiesterase inhibitor IBMX led to a dramatic potentiation of PF-EPSP slopes. This potentiation was dependent on the continued presence of IBMX and declined rapidly after washout to reveal an underlying depression of synaptic efficacy. This LTD is likely to have been mediated by cGMP for two reasons. First, the extent of depression was dose dependent, which is consistent with the finding that basal levels of cGMP are more strongly elevated in the presence of 1 mM IBMX compared with 0.1 mM (Okada, 1992) . Second, this late phase of depression was completely prevented by the addition of the PKG inhibitor KT5823. In the abseye of PKG activity, the initial IBMX-induced potentiation was considerable pronounced, presumably because it was unchecked by any concurrent cGMP/PKG mediated depression, and remained potentiated, even after washout of IBMX. Sabatini and Regeher (1995) reported that IBMX, which can also inhibit adenosine receptors, enhances presynaptic calcium influx and reduces the threshold of PF activation. Although these presynaptic mechanisms are likely to contribute to the potentiation observed in the present report, dendritic injections of IBMX were also found to induce potentiation, suggesting some additional postsynaptic effect. Other possible mechanisms of modulation could involve the formation of other cyclic nucleotides such as CAMP, particularly because a possible metabolic target, protein kinase A, is present in Purkinje cells (Caretta et al., 1991) . However, bath application of S-Br-CAMP was, more often than not, found to induce depression of PF responses (N. Hartell, unpublished observations).
Injection of the PKC antagonist chelerythrine failed to influence the initial IBMX mediated potentiation but it did prevent the induction of subsequent LTD. Unlike the effect of KT5823, how- chelerythrine into Purkinje cells also prevented PDE-inhibitor mediated LTD, a finding consistent with previous data, illustrating that both PKG and PKC must be active for LTD induction (Hartell, 1994a,b ) (see also . Thus, the long-term actions of dipyridamole and Zaprinast on EPSP slopes are mediated postsynaptically by mechanisms involving the NO/cGMP/PKG cascade and, in addition, PKC. Although these data do not shed any additional light on the controversy surrounding the site and the mechanism of NO production, these data provide strong evidence that the target for NO is the Purkinje cell and that cGMP is an important endogenous intermediary in the process of LTD. In addition to its effects on phosphodiesterases, dipyridamole has been reported to inhibit adenosine uptake (Van Belle, 1985) and in the hippocampus, Zaprinast transiently reduces synaptic ever, no long-term potentiation was observed. From these data, it is possible to speculate that the level of activity of PKG might influence the direction of change in synaptic efficacy but PKC activity is required for a such change to occur.
Is phosphodiesterase-induced LTD equivalent to conventional LTD? Conventional LTD, induced by pairing PF and CF inputs to a Purkinje cell, characteristically requires repetitive activity of the PF pathway at an optimum rate of 1 Hz (Karachot et al., 1995) . Halting PF stimulation during dipyridamole application and for variable periods during washout led to a significant, but not complete, reduction in the level of depression of PF responses. A significantly greater level of depression was observed in inputs activated at 1 Hz than in separate inputs to the same cell stimulated at 0.2 Hz, indicating that this depression was, at least partly, associative. The level of PF stimulation is therefore important in determining the degree of depression.
It has been shown by several groups that blockade of mGluRs prevents LTD induction (Alba et al., 1994; Conquet et al., 1994; Hartell, 1994a) and that this receptor subtype is likely to be activated at the higher rates of PF stimulation necessary for LTD (Batchelar and Garthwaite, 1993) . A requirement for mGluR activation for phosphodiesterase-induced LTD was also observed in the present study confirming previous data showing that mGluRs must be active for both synaptic and cGMP-mediated LTD to take place (Hartell, 1994a) . Together, these findings may well explain the greater degree of depression observed in the presence of Zaprinast at stimulation rates of 1 Hz compared with 0.2 Hz where mGluR activation is likely to be more.
A recent report has shown that a combination of cell depolarization (replacing the CF input) and release of caged NO is sufficient to induce LTD, suggesting that NO and presumably cGMP completely replace the need for PF stimulation in LTD (Lev Ram et al., 1995) . Given that a combination of calcium influx, AMPA receptor, and mGluR activation are the minimum requirements for LTD, these data suggest that NO/cGMP replace both AMPA and mGluR activation. This is hard to reconcile with the present data and that of a previous report (Hartell, 1994a) , which indicate that PDE-inhibitor and cGMP-induced LTD are prevented by inhibition of mGluRs. Furthermore, although LTD has been shown to be input specific (Ekerot and Kano, 1985 and also see Linden, 1994) neither calcium elevation through CF stimulation or depolarization nor NO, which is highly diffusible, would be expected to maintain site specificity. Input specificity would be maintained, however, if activation of mGluRs is an additional requirement for LTD as suggested here.
The present results are in agreement with an increasing number of studies in slice preparations that support a role for NO/cGMP/ PKG in cerebellar LTD (Crepe1 and Jaillard, 1990; Shibuki and Okada, 1991, 1992; Ito and Karachot, 1992; Daniel et al., 1993 Daniel et al., , 1995 Hartell, 1994a,b; Lev-Ram et al., 1995; but Glaum ct al., 1992) . In cultured preparations, the NO/cGMP/PKG pathway does not appear to be important for the expression of LTD (Linden and Connor, 1992; Linden et al., 1995) . Because LTD in culture is expressed and mediated postsynaptically it was suggested that in slices NO might exert its effects presynaptically on the PF terminal (see Linden et al., 1995) . The present results, together with previous work (Daniel et al., 1993; Hartell, 1994a,b) indicate that this is unlikely. Because Purkinje cells themselves lack NOS, the source of NO is likely to be a different cell type, and several candidates have been proposed (see Linden, 1994 , for a review). Recently, it has been shown that two distinct forms of LTD exist in slices, only one of which involves the NO/cGMP/ PKG cascade and that the PF is a likely source of NO (Hartell, in press ). The lack of involvement of NO/cGMP in LTD in cultured preparations presumably, therefore, represents a fundamental difference between these two systems caused by the reduced level of synaptic input to the Purkinje cell.
Synaptically and cGMP/PDE-inhibitor-induced forms of LTD were found to be mutually occlusive, indicating that these two pathways for LTD induction have the same end result, presumably through phosphorylation mediated downregulation or desensitization of AMPA receptors. Because cGMP was not artificially introduced in this study, these results support the possibility that cGMP is an endogenous mediator of LTD. Clearly, the level of phosphodiesterase activity in Purkinje cells is normally sufficiently high to limit cGMP accumulation, and therefore cellular modulation of phosphodiesterase activity may provide an additional mechanism by which cells regulate synaptic efficacy. Given the basal rate of cGMP production evident from this study, a change in either the rate of synthesis or rate of break down of cGMP may well be equally effective in inducing LTD.
